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Abstract: Low-voltage swing (≤1.0 V) high-contrast ratio (6 dB)
electro-absorption modulation covering 1460 to 1560 nm wavelength has
been demonstrated using Ge/SiGe quantum confined Stark effect (QCSE)
diodes grown on a silicon substrate. The heterolayers for the devices
were designed using an 8-band k.p Poisson-Schro¨dinger solver which
demonstrated excellent agreement with the experimental results. Modelling
and experimental results demonstrate that by changing the quantum well
width of the device, low power Ge/SiGe QCSE modulators can be designed
to cover the S- and C-telecommunications bands.
© 2014 Optical Society of America
OCIS codes: (230.4110) Modulators; (230.4205) Multiple quantum well (MQW) modulators;
(230.0250) Optoelectronics; (230.2090) Electro-optical devices.
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1. Introduction
The bandwidth of data transferred between microprocessors, memory and hard or solid state
disks in most supercomputer and desktop computer systems is now limited by the high cost of
increasing the number of copper input/output channels beyond the present densities. The point
has therefore been reached where optical interconnects can provide higher bandwidth but the
key for adoption is the ability to find a suitable cost effective optical technology which can be
mass manufactured [1]. Si photonics is one such technology that is presently being pursued
but such optical interconnects at the chip scale have strict requirements in terms of energy
consumption, voltage swing, bandwidth, and monolithic integration [2] that must be obtained
if the technology is to succeed.
Modulators [3] are a key requirement for most Si photonics applications and many different
types of Si photonics modulators have been demonstrated using heaters [4], Si p-i-n modu-
lators [5, 6] and the Franz-Keldysh effect [7, 8]. One of the Si photonic modulators that can
meet all the requirements for monolithically integrated Si photonics modulators is based on
the quantum confined Stark effect (QCSE) using Ge/SiGe multiple quantum wells (MQWs)
[2, 3, 9]. Ge/SiGe MQWs have shown electro-absorption modulation over the telecommunica-
tions bands [10]. Ge/Si0.19Ge0.81 QCSE MQW devices with five QWs grown on Si0.12Ge0.88
have been demonstrated contrast ratios of around 5 dB in the S- (1460 - 1530 nm) and C- (1530
- 1565 nm) telecommunications bands for a 1 V swing with up to 3.3 V applied [10]. QCSE
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modulators integrated with Ge waveguides and photodetectors have also recently been realised
[11].
In this work an 8-band k.p Poisson-Schro¨dinger tool is used to design compact
Ge/Si0.15Ge0.85 MQWs for p-i-n diode QCSE electro-absorption modulation devices for low
voltage operation. QCSE devices with improved contrast ratios of 6 dB above previous values
[10] with only 1 V of swing at 1.55 μm are demonstrated through the higher substrate Ge
content, tensile strain from the virtual substrate, an increase in the number of QWs and the re-
duction in spacer thickness. These effects combine to move the absorption edge to longer wave-
length and to reduce the required applied voltage swing for low power operation at 1.55 μm.
Whilst the present results are demonstrated experimentally with surface-normal measurements
(TE polarization, electric field parallel to the QW plane), the k.p-modelling also demonstrates
that such MQW designs will operate at similar wavelengths for TM polarized light (electric
field normal to the QW plane) in waveguide geometry devices which can support both TE and
TM light. This opens up the potential for novel operation schemes for modulation using both
polarisations [12].
2. Design and simulation
The absorption spectra, wavefunctions, and energy levels of the MQW structure were calcu-
lated using an 8-band k.p tool available through NEXTNANO [13]. The designs rely on ten Ge
QWs and eleven Si0.18Ge0.82 barriers all grown to be strain symmetrized on top of thin virtual
substrates grown on Si (001) substrates thereby allowing structures far thicker than the criti-
cal thickness limitations [14]. For the calculation it was assumed that the structure was fully
strained to a Si0.04Ge0.96 relaxed buffer region with 0.10% to 0.30% residual tensile strain [15].
The material parameters used for all the calculations are those from reference [15]. The com-
putational complexity of simulating the full structure with ten QWs and a suitable number of
subband and k‖ states for even a single design and applied voltage was prohibitive with the
available computational resources so the wavefunctions and absorption spectrum were calcu-
lated for a single QW. For the QW widths and barrier thicknesses there is overlap between wave
functions in adjacent QWs which perturbs the calculated results. As will be demonstrated in the
work, the perturbation is small enough that the tool is able to design with sufficient accuracy to
allow a full understanding of the experimental results.
The absorption edge of a QCSE device is modulated by increasing the bias applied to the de-
vice (Fig. 1). An increase in the reverse bias applied across the QWs moves the absorption edge
between confined conduction and valence subband states inside the Ge QW to lower energies
while decreasing the height of the absorption peak [16]. The electron and hole wavefunctions
in the QWs are shifted in opposite directions in space while moving closer together in energy
(Fig. 1(a)) resulting in the absorption moving to longer wavelengths. It is this change in absorp-
tion as a function of wavelength as the voltage is increased that is used to build a modulator
device. The devices are generally operated in reverse bias, but a small forward bias (lower than
the built in bias) can also be used to allow the devices to operate with very low dark currents.
The absorption edge for a given applied bias can be controlled by changing either the strain in
the growth (Fig. 1(b)) or the QW width (Fig. 2). Modelling of the QW width (Fig. 2) indicates
that 6.6 nm wide Ge QWs are appropriate for parts of the E- (1360 - 1460 nm) and S-telecoms
bands whilst an 11 nm (11.3 ± 0.3 nm grown) or 13.6 ± 0.3 nm Ge QW should allow both
S- and C-band operation. From the simulations, Fig. 1(b) demonstrates that when the tensile
strain in the buffer layer is increased (which increases the lattice constant on which the QWs
epilayers are grown), the absorption edge shifts to lower energies with the light-hole 1 (LH1)
energy level shifting faster relative to the Γ-valley subband 1 (Γ1) than the heavy-hole 1 (HH1)
energy level. Fig. 1 demonstrates that the tensile strain moves the LH band to higher electron
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Fig. 1. (a) The calculated wavefunctions for Γ1, HH1 and LH1 of a 13.6 nm wide Ge
QW at applied bias voltages of -0.5 V (left) and 1 V (right) for 0.2% tensile strain. As the
applied bias is increased the hole and electron energy levels move closer together and the
overlap of the wavefunctions decreases. (b) The calculated absorption spectrum from single
QW simulations for a 13.6 nm QW QCSE device with Si0.18Ge0.82 barriers on a strained
Si0.04Ge0.96 buffer layer for different levels of tensile strain for TE and TM polarizations.
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Fig. 2. (a) The calculated absorption spectra for a single quantum well for the three struc-
tures grown with Ge QWs and Si0.18Ge0.82 barriers on Si0.04Ge0.96 virtual substrates. (b)
The measured experimental absorption for the same three QW widths. (c) An optical micro-
scope image of the top spider contact on top of the photodetector device used for measure-
ments.
energy (lower hole energy) so it becomes comparable in energy to the HH state resulting in the
absorption edges for the TE and TM polarizations being at the same wavelength. This indicates
that the absorption at 0.1 and 0.2 % tensile strain are close to polarization independent so that
devices will have similar operational wavelengths for both TE and TM-polarization. There are
two competing effects on the energy of the absorption edge from increasing the QW width; the
states in the QW reduce in energy and the lowering of the electric field across the QWs for a
given bias. As the QW width is increased, the subband states in the QWs move closer together
and decrease the absorption energy for creating an electron-hole pair while the increase in the
total width of the device increases the energy of the absorption edge through a reduction in the
build-in electric field of the p-i-n junction. The overall effect for these designs is a decrease in
the energy (increase in wavelength) of the absorption edge as the QW width is increased as is
demonstrated by the modelling in Fig. 2(a).
Three wafers with different MQW regions were designed and grown with the widths of the
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Table 1. The layer thickness as extracted by TEM and the composition extracted by XRD
for the three designed wafers.
Wafer Ge QW width Barrier width Barrier Buffer
1 6.6 ± 0.3 nm 8.2 nm ± 0.4 Si0.18Ge0.82 Si0.04Ge0.96
2 11.3 ± 0.3 nm 11.5 nm ± 0.4 Si0.18Ge0.82 Si0.04Ge0.96
3 13.6 ± 0.3 nm 12.5 nm ± 0.4 Si0.18Ge0.82 Si0.04Ge0.96
QWs (barriers) from 6.6 nm (8.2 nm), to 13.6 nm (12.5 nm) aiming to cover the E-, S- and C-
telecommunication bands. Thinner barriers require a lower applied voltage for a given electric
field across the QWs, and increases the effective absorption coefficient due to a higher density
of QWs per active region. The present designs used a larger Ge QW contribution to the space
in the active region in an attempt to increase the absorption (for the 11 nm QW, 66 % of the
Ge/SiGe MQW stack is Ge QWs by design which was reduced to 50 % when grown - see
Table 1). This Ge QW contribution to space in the active region is higher than the 37 % - 43 %
[10, 17, 18, 19] in other published designs.
3. Growth and fabrication
100 nm
Si0.18Ge0.82 barrier = 12.5 ± 0.4 nm
Ge QW = 13.6 ± 0.3 nm
Si0.04Ge0.96 spacer & n-cap
(004) dark field
Fig. 3. A TEM image showing the Ge cap and top spacer then the Si0.18Ge0.82 barriers and
Ge QWs closest to the surface of the wafer for the sample with the widest QWs.
The MQW structures were grown on Si wafers using an ASM Epsilon 2000E low pressure
chemical vapor deposition tool [20] with silane, germane, diborane and phosphine. A 1 μm
thick Ge seed layer was first deposited on a Si(001) wafer followed by a 250 nm thick re-
verse graded SixGe1−x from x = 0 to x = 0.04 buffer. Next a virtual substrate of 500 nm thick
Si0.04Ge0.96 layer was grown. The actual thicknesses of the layers were measured by cross-
sectional transmission electron microscopy (TEM) shown in Fig. 3. The relaxation and com-
position was measured by x-ray diffraction (XRD) using reciprocal space maps (not shown).
The Ge seed layer was measured to be 104.5 % relaxed relative to the Si(001) substrate, the
Si0.04Ge0.96 buffer layer was 100 % relaxed relative to the Ge seed layer and the active lay-
ers were fully strained to the Si0.04Ge0.96 buffer. The residual strain in the Ge and Si0.04Ge0.96
layers is therefore ∼0.18% tensile strain.
The MQW structure designs consisted of a bottom contact layer of 400 nm p-type
Si0.04Ge0.96 followed by a 50 nm i-Si0.04Ge0.96 spacer all grown at 400 oC. Next the MQW
region, consisting of 11 barriers and 10 QWs of Si0.18Ge0.82 and Ge, respectively. This was fol-
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lowed by a 50 nm i-Si0.04Ge0.96 spacer then a 50 nm n-type Si0.04Ge0.96 top contact layer doped
with phosphorus. The measured layer thicknesses and Si content of SiGe layers in the as grown
structure are presented in table 1. The TEM images in Fig. 3 indicate that all the heterolayers
are flat and uniform without any significant buckling due to residual strain from the buffer or
heterostructure layers.
To measure the actual absorption of the wafers as grown, photodiode devices were fabricated
from each of the wafers. Each wafer was cleaved into 15 mm2 samples on which circular diodes
of 100 μm radius with spider web top contacts were fabricated (Fig. 2(c)). The circular mesas
were created by photolithography and dry etched using a low-damage fluorine chemistry pro-
cess [21]. Top and bottom Ohmic contacts were patterned simultaneously using a single pho-
tomask pattern. Ni was deposited and annealed to form low specific contact resistivity NiGe
Ohmic contacts to the top n-type and bottom p-type heterolayers [22]. A 200 nm layer of sili-
con nitride was deposited for passivation and as an anti-reflection coating (ARC) on top of the
etched device. In order to create electrical connects to the devices, via holes were etched and 10
nm Ti with 300 nm Al bond pads were deposited. The devices were initially tested using a probe
station, then selected devices were wire-bonded to leadless chip carriers for optical characteri-
sation in a Fourier transform infrared (FTIR) spectrometer. The current-voltage characteristics
of the devices demonstrated good rectifying behaviour, with breakdown voltages greater than 5
V in reverse bias, corresponding to an electric field of at least 150 kV/cm.
4. Optical characterisation and analysis
The photocurrent spectrum as a function of bias voltage was measured for each sample using
unpolarized light at normal incidence at 293 K. The diodes were positioned in the sample cham-
ber of a Bruker Vertex 70 FTIR and characterized using a tungsten near-infrared source and a
CaF2 beamsplitter. In contrast to the standard FTIR setup which uses a commercial photode-
tector to measure the transmitted light, the photocurrent from the device under test was used as
the measured signal for the FTIR [23]. A lock-in amplifier and a mechanical chopper were used
to allow step-scan measurements which eliminates the dark current from measurements. The
FTIR was then used to convert the time domain signal into the frequency domain. This tech-
nique has been demonstrated to be more sensitive than the more common direct transmission
/ absorption results that measures the photocurrent from a separate detector [23]. All measure-
ments were surface-normal and therefore xy- or TE-polarized indicating that the Γ-valley to
HH absorption is allowed whilst the Γ-valley to LH absorption is forbidden in the parabolic
band approximation [15].
Fig. 2(b) provides the FTIR absorption experimental results for the three different QW widths
at 293 K and 0 V bias. The experimental results agree extremely well with the simulations from
the 8-band k.p simulations. The simulations have not been scaled to account for the different
% thicknesses of absorption material as the Ge QW widths have been changed over the ten
QWs and this is why all the levels of absorption are similar in the simulations but not in the
experimental results. The absorption edges from the simulations are close to the experimental
values and certainly sufficient to understand the physical mechanisms in the devices. It is clear
that to produce higher accuracy from the simulations, further analysis is required to understand
any perturbations from the interactions of overlapping wavefunctions from adjacent QWs or
differences in the experimental QW widths or residual strain from the original designs.
Although the FTIR allowed measurement of the photocurrent spectrum over a large band-
width (Fig. 2(b)), the absolute value for the absorption coefficients could not be calculated from
the photocurrent since the incident optical power at each wavelength was not known. In order
to obtain values for the absorption coefficient, therefore, a tunable laser source (TLS) setup
was used to measure the photocurrent of the devices. The TLS was set to 0.20 mW of output
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power, which was directed through a lensed fibre and aligned at normal incidence to the diode.
The fibre was aligned with micro-manipulators by maximising the photocurrent at 0.4 V ap-
plied bias and at 1460 nm wavelength. The photocurrent was then measured as a function of
the applied bias and the wavelength. The laser wavelength was stepped between each current
measurement, and then the applied voltage was stepped between each full wavelength sweep.
The TLS allowed measurements over a narrow wavelength range (1460 to 1560 nm) and there-
fore was unable to measure the peak photocurrent of the 6.6 nm QW diodes. The output power
from the lensed fibre was measured as a function of wavelength and the Fresnel reflection at
the ARC was calculated to determine the maximum power reaching the QWs.
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Fig. 4. (a) The calculated absorption spectra for the 11.3 nm QW device at applied bias
voltages from 0 V to 3 V. (b) The experimental absorption coefficients as a function of
applied reverse bias for the 11.3 nm Ge QW QCSE diodes as measured with a TLS.
The experimental absorption coefficient as a function of applied reverse bias was obtained us-
ing the following procedure and compared to the simulated spectra in Fig. 4(a). The calculated
reflectance from the ARC at these wavelengths is 1.2 % and the output power was measured
every 10 nm. Using a reflection loss of 1.2 % and interpolating from the calibrated output pow-
ers, the absorption coefficient for each wavelength and applied bias was then calculated from
the TLS measurements and is shown in Fig. 4(b). The maximum absorption coefficient was at
0 V bias for the 11.3 nm Ge QW device and the peak photocurrent, after subtracting the dark
current, was 6.17 μA at 1471 nm. Assuming that each electron in the photocurrent is due to
one photon being absorbed, 4.4 % of the photons leaving the fibre lens are absorbed equating
to an minimum absorption coefficient of 1875 cm−1 at 1471 nm. This is an improvement over
previously reported absorption figures of 1600 cm−1 at 1450 nm using a similar number of ten
QWs of 17 nm thickness with 40 nm thick barriers [24] but lower than the lower wavelength
results at 1410 nm with an absorption of ∼3000 cm−1 using fifty Ge QWs of 10 nm thickness
with 15 nm thick barriers [25]. The simulated spectrum in Fig. 4(a) agrees well with the ex-
perimental spectrum in Fig. 4(b). Whilst the agreement between experiment and simulations is
good, it is not perfect as no account of the contact or access resistances has been included in
this analysis and so further work is required to get complete agreement between simulations
and experiment. The good agreement between simulations and experiment indicates the total
access resistance in these devices is small.
Two of the key parameters for high performance modulators is the contrast ratio and the
switching power which is dependent on the voltage swing of the device. Reducing the voltage
swing is essential for low power operation but this voltage also has to be compatible with mod-
ern CMOS processes which presently use supply voltages around 1 V [26]. The simulated and
experimentally measured contrast ratios as a function of applied and swing bias are presented in
Fig. 5 for the 11.3 nm Ge QW device. There are small differences to the wavelength behaviour
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(a)
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Fig. 5. (a) The experimentally measured contrast ratio for the 11.3 nm Ge QW device with
a voltage swing of 1.0 V for bias voltages from 0.0 V to 2.0 V.(b) The calculated contrast
ratio for a single 11.3 nm Ge QW simulation of the QCSE structure. The bias voltages was
swept from 0 V to 2 V with a swing voltage of 1.0 V.
between the simulations and the experiment for a set of fixed voltages due to no account of
the contact and access resistances being taken. It is also clear from the modelling that the in-
teractions of the wavefunctions in adjacent QWs does not significantly change the operational
wavelength of the device suggesting further reductions in the heterolayer barrier thicknesses
could be used to further increase the contrast ratio by increasing the percentage of absorption
material in the active layers. The 1 V swing photocurrent absorption contrast ratio is over 6
dB at 1495 nm for 0 V dc bias and decreases down to 4.0 dB at 1550 nm for 1.85 V dc bias
(Fig. 5). From 1485 nm to 1520 nm in order to achieve at least 3 dB contrast ratio only a 0.3 V
swing is required, a 0.4 V swing extends the 3 dB range to 1460 nm to 1535 nm. Compared to
[10] this device has a higher contrast ratio at a 1 V swing, a lower applied dc bias and a lower
voltage swing requirement for a 3 dB contrast ratio whilst simultaneously having an increased
absorption of at least 1875 cm−1 compared to 1600 cm−1 in [10].
Whilst the experimental results presented are for a surface normal device, the simulations in
Fig. 1 indicate that the present results are close to being polarization independent. This indi-
cates that waveguide coupled devices will have nominally identical modulation as a function
of the same applied bias at similar wavelengths. This suggests that waveguide coupled electro-
absorption modulators based on the QCSE with a 1 V swing can be achieved using the same
design of MQWs if grown on a suitable substrate for waveguides such as silicon-on-insulator
thereby enabling QCSE devices for low power modulators in Si photonic technology.
5. Conclusions
To conclude, an 8-band k.p calculation using a single QW region was able to model the absorp-
tion edge for QCSE devices with thin barriers. QCSE electro-absorption modulation devices
using Ge QWs separated by thin barriers were designed and fabricated. These reduced oper-
ating power designs demonstrated electro-optical modulation with lower applied voltage, lower
voltage swing and higher absorption than previous designs at the important telecommunica-
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tions S- and C-bands. At present the results are for surface-normal devices but the simulations
indicate that the same heterolayer designs will operate at similar wavelengths in waveguide ge-
ometry devices. The results also indicate that the present interactions between wave functions
in adjacent QWs is not significant and reduction in the heterolayer barrier thicknesses should
further enhance the contrast ratios of the devices without significantly changing the operational
wavelengths.
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